(5) Mortality during the late nymphal and immature adult stages was critical in determining seasonal variation in numbers. This mortality was mainly due to the fungus Entomophthora which is the key factor regulating annual variation.
INTRODUCTION Zonocerus variegatus (L.) is a common grasshopper in parts of west and equatorial
Africa. In southern Nigeria most breeding occurs during March and April, the nymphs emerging in late October and November so that large numbers are present during the dry season, from November to March (Anya 1973; Golding 1940 Golding , 1948 Jerath 1965 Jerath , 1968 Oyidi 1968 ). Related to its polyphagous habits the insect is recorded as a common, minor pest (Golding 1940 (Golding , 1946 (Golding , 1948 Hoare 1968; Jerath 1965; Libby 1968; Phipps 1970; Toye 1968 Toye , 1971 ). However, big fluctuations in numbers occur from year to year so that it sometimes becomes much more important and farmers in some areas regard it as their Population studies on Zonocerus in Nigeria major pest problem (Barker, Oguntoyinbo & Richards 1977) . Further breeding occurs over a more extended time during the rainy season, but the population which results never reaches damaging proportions (Anya 1973; Oyidi 1968; Toye 1971) .
In order to establish the causes of the fluctuations in population size, and perhaps to permit prediction of their occurrence, a study was made of the Z. variegatus population in the Ibadan area of southern Nigeria. The study concentrated on dry season populations from 1972 to 1976, and attempted to account for the changes observed from year to year and within a season (see also Chapman & Page 1979 and McCaffery, in prep.).
CHOICE OF STUDY SITE
Zonocerus variegatus is commonly associated with areas of cultivation (Chapman 1962; Toye 1971 ). Consequently, because of the agricultural practices common in West Africa, high populations tend to occur in localized pockets which persist from year to year. The timing of hatching and reproduction may differ in populations only a few kilometres apart, suggesting that relatively little interchange occurs between the population pockets. Within a population, however, the insects move about a good deal. An individual insect may move 50 m in one day, and a complete turnover of the population of a plot 10 m2 may occur within ten days (McCaffery & Harris, in prep.).
The choice of study site was governed by these two facts. The object was to study population changes within one population pocket. Movements of the insects within a site demanded that as much as possible, preferably the whole, of the site should be studied.
The site selected was an area where outbreaks were known to have occurred previously some 6 km NE from the centre of Ibadan on the road to Iwo. The study area, known as the Iwo Road site, was surrounded on all sides by buildings or vegetation through which Zonocerus was unlikely to pass, but a narrow neck of cultivated land to the north connected it with other possible source areas of the insect (Fig. 1) .
For practical reasons it was not possible to carry out population surveys over the whole of the cultivated area, but approximately 2 ha were sampled intensively. The precise area sampled varied from season to season with changes in land use (Fig. 2 , Table 1 ). The estimates of total population are not corrected for these changes in the area sampled since it is considered that the resources available to the insects in the area as a whole were not materially affected. It is believed that the area sampled contained the bulk of the Zonocerus population of the whole of the pocket of cultivation, but movements of insects into and out from the study area did occur.
By the final season of the study, 1975-76, urban development had spread outwards from Ibadan so that much of the site was built on and it was no longer suitable for sampling. Hence in this season the main sampling programme, which included detailed studies of factors affecting mortality, was transferred to another site near the International Institute of Tropical Agriculture (IITA, see Chapman & Page 1979) . Other sites were studied periodically for particular reasons. The principal ones referred to are the Oyo Road site, 11 km north of Ibadan on the road to Oyo; the Ojo Road site, 6 km north-east of the Oyo Road site; and the Akufo Road site 9 km north-west of Ibadan on the Akufo Road.
VEGETATION OF STUDY SITES
Shifting agriculture was practised at all the study sites, individual plots of ground being cleared of the natural vegetation, cultivated for 3 or 4 years and then allowed to Fig. 2 ) and the number of plots varied as they were subdivided or combined by the farmers. At various times during the study, cultivated plots comprised 41-50% of the total area sampled (Table 1) . On all sites cassava was the principal crop. This was planted mainly in April and harvested after 9 months or more, sometimes being left as long as 2 years. As a result, most cassava during the period October to April was 1-2 m high, with older plants sometimes reaching 3 m. The cassava remained leafy throughout the dry season, although (Bernays et al. 1975 ). Woody plants also regenerated rapidly because their stumps were left in the ground during cultivation. Hence, after a year or two of fallow, woody plants, such as Alchornia, Combretum and Lonchocarpus, came to dominate the fallow areas. Many of these woody plants remained green during the dry season, and, in the absence of herbs, their foliage provided a potential food source for Zonocerus. After 5 or 6 years the woody thicket reached a height of 3-4 m with stems close together and relatively little foliage at the lower levels.
Some fallow plots became dominated by the introduced Eupatorium odoratum. This formed dense stands, often 3 m high, on which the early instars of Zonocerus were sometimes seen roosting. The leaves died back in January, soon after flowering occurred, but the stems persisted for some time and some leaf regeneration occurred in February and March.
The IITA site differed from the Iwo Road site in being much damper. It contained twenty-six plots, eleven of which were being cultivated during the observations. The remainder were in relatively early stages of fallow regrowth consisting of low thicket about 1 m high, but the site included one patch of older woody thicket and one plot which was dominated by Eupatorium.
The Ojo Road and Oyo Road sites differed from the others in that recent fallow was dominated by grass which probably acted as a natural barrier to movement by Zonocerus. There was no gradation between this and dense woody thicket.
CLIMATE
Ibadan lies on the northern edge of the forest zone in Nigeria, verging on the derived savannah. Plant growth is largely regulated by the rainfall pattern, with a relatively dry period from November to March. During the period of study, considerable variation in the intensity of the dry period was experienced. The 1971-72 and 1972-73 seasons were relatively dry with little rain after mid-October, but in 1972 the new rainy season began in February (Fig. 3) . In the next two seasons rain continued into November and heavy rain fell during the dry season especially in 1973-74. The data presented are from the University of Ibadan meteorological station. During the period October to March heavy storms may be relatively local in their effects so that the daily pattern of rainfall may vary in localities quite close together.
The average daily maximum screen temperature rose from about 30 ?C in October to about 35 ?C in February, falling again to below 32 ?C at the beginning of the rains ( Table 2 ). The 1972-73 season was much hotter than the others with maximum temperatures consistently above 32 ?C from November onwards and around 37 ?C for much of February. The daily minimum temperatures were about 10 ?C below the maximum except during periods of Harmattan (dry winds from the north accompanied by very hazy conditions) which occurred spasmodically from late November to January. At such times night temperatures fell much lower, sometimes to 15 ?C and below. Population studies on Zonocerus in Nigeria Relative humidity overnight was rarely below 90%, though much lower levels occurred during periods of Harmattan. During the daytime humidity fell, often to below 50Yo from November to March (Table 2 ). The early part of the 1973-74 season was less dry, compared with the other seasons.
METHODS OF ASSESSING THE POPULATION
Zonocerus variegatus is a large conspicuous insect unlikely to be confused with any other species in the habitat so that numbers were assessed by direct counting. Counts were made in the first half of the morning when the insects were roosting on tall vegetation and so were readily visible. At this time, too, the insects were relatively inactive so that less inaccuracy arose due to insects hopping away before being counted or hopping in front of the observer and being counted twice. Counting was stopped when the insects became too active, mostly about 10.30-11.00 hours.
Sampling
The sampling unit was adapted to various vegetation types. In cassava, and other crops when these were present, the population was sampled by counting all the insects on a complete row of plants plus the number on all weeds and other objects between the rows. Generally there were few insects between the rows unless there was a tall stump of a shrub left behind when the plot was cleared for cultivation.
The intensity of sampling in cassava was initially determined, and its validity subsequently confirmed, by counting all the insects on every row of a plot and comparing this absolute total with the assessments derived from sampling different numbers of rows. When sampling one row in three, or one in four, about 60% of the estimates of population were within 20% of the value for a total count. At lower levels of intensity more of the estimates were widely different from the total value (Table 3) . Either one in three or one in four provided a reasonable compromise between the need for accuracy of estimation and the limitations of manpower for sampling. In practice, a sampling intensity of one row in three was employed throughout.
In thicket the sampling units were straight-line transects 1 m wide across the whole plot. All the insects in the transect were counted. Here, too, the population was not uniformly distributed and insects were most commonly observed on the tallest components of the vegetation. Virtually all the first instar nymphs and most second instars were in dense groups in or on the edge of thicket areas and, although some very large groups did occur, fifty-four out of seventy-six groups measured were less than 10 m2 in area. These small groups required a high sampling intensity to obtain reasonably accurate assessments. In the late instars, the insects became more dispersed, though still tending to aggregate. It was impossible to develop any sampling method for the thicket plots which amply took account of the patchy distribution of the insects and, in practice, the methods used were those which were most expedient in terms of available manpower. In thicket vegetation up to about 1.5 m high with only occasional taller woody plants, transects were paced at 3 m intervals, the width of each transect (1 m) being estimated by eye. In taller thicket, which was invariably dense, transects were at 10 m intervals because of the physical difficulty of penetrating the vegetation. The cutting of tracks through the vegetation, which would have made sampling easier, was deliberately avoided because the resultant gaps would have influenced the distribution of the insects. Despite this there was some tendency for semi-permanent tracks to be made through the vegetation as a result of repeated sampling.
Accuracy of estimates
The accuracy of estimating the total population in any one plot was compounded of the errors of counting, together with the sampling error. For all except first instars, counting errors in cultivated plots are regarded as small because the insect is so conspicuous. However first instar groups were often so dense that counting errors were inevitable. Independent estimates of the numbers in first instar groups were made by direct counting and by the Lincoln Index. Known numbers of insects were marked with 32P and added to a group. After 24 hours, during which time the marked insects had time to disperse through the group as a result of the normal roosting movements, the number was counted and then assessed from the proportion of marked individuals in captured samples. Immigration and emigration are considered to have been slight during the interval between marking and recapture because of the isolation of the groups selected for this study and the similarity of counts on successive days. Agreement between the two methods of assessment was invariably poor, the Lincoln Index suggesting much higher populations than those indicated by direct counts (Fig. 4) . Because of the difficulties of counting these stages, most reliance is placed on the results of the Lincoln Index and counts of first instar insects in cassava plots have been corrected on the basis of the relationship shown in Fig. 4 .
Sampling error in cultivated plots was low because of the high intensity of sampling. At any one study site several cassava plots were sampled and these populations assessed independently. Totals from individual plots were given equal weighting in calculating the population for the whole site. In the 1972-73 and 1973-74 seasons the Iwo Road site included ten cassava plots; in 1974-75 there were nine.
In thicket areas, errors arose from the difficulty of seeing the insects and from sampling errors. Population estimates on whole plots were obtained using the transect method and also by the Lincoln Index. The evening before an assessment was to be made the total population was counted and roughly mapped by sampling at very high intensity. Nymphs were then labelled with 32p, the numbers marked being in proportion to the number counted in each part of the plot. After counting and marking, the insects were knocked down from the roosts so that marked insects became thoroughly mixed with the rest of the population as they climbed up again. On the following morning the population was assessed by an independent observer, unfamiliar with the distribution of insects, using the Finally insects were collected and monitored for radioactivity. By this method the marked insects were allowed to mix with unmarked insects, but the results were not confused by movement into or out from the plot which occurred during the daytime. The population estimate based on the transects was invariably low compared with the assessment from the Lincoln Index, the difference increasing with the number of insects present (Fig. 4) . The correlation between log count and log estimate was high (r = 0.98), and for each individual thicket plot the count has been corrected on the assumption that the estimate based on the Lincoln Index was less liable to error than the direct counts.
RESULTS
Age structure of populations Samples were taken for the determination of age structure by collecting some insects from each plot by sweeping. More insects were collected from plots with the highest numbers, and sampling was continued until about 100 insects had been obtained.
The hatching of insects of the dry and wet season populations is not clearly separated, but the samples from January onwards sometimes included small numbers of insects in a markedly earlier stage of development than the majority. These were regarded as representatives of the wet season population and constituted less than 5% of the population at this time. They are not shown in Fig. 5 Figure 5 shows that 80% of the insects, excluding the first and last 10% moulted from first to second instar over a period of 25 to 36 days, mainly in November. At least in the later years a few first instars were still present in January, moulting to the second instar extending over at least 60 days. This pattern presumably reflects the pattern of hatching from the eggs which will have occurred about 2 weeks earlier.
Irrespective of whether the season was particularly hot or cool, the length of the nymphal development period was roughly constant. The interval between the date at which 50%o reached the second instar and that on which 50% became adult varied only from 90 to 97 days. The mean durations of individual instars calculated in the same way were also relatively consistent (Table 4) . Difficulty was experienced in separating the second and third instars and these are treated together.
Population trends
The main population studies were carried out at the Iwo Road site from 1972 to 1975 and at the IITA site during the 1975-76 dry season. On all occasions a similar pattern of events occurred (Fig. 7) . Hatching began in late October and continued through November; by the end of that month it was almost complete, so that the peak nymphal populations occurred in late November or early December. The subsequent rate of decline in population over the first two months of nymphal life was much greater in Groups of first and second instar insects were commonly found in cassava plots in November and early December, but subsequently moved out so that lower numbers were present in late December and early January (Fig. 8) . The early instars do not feed on cassava apart from senescent leaves (Bernays et al. 1977 ) and they tended to remain in the plots only as long as broad-leaved herbs were available, generally as weeds. The movement out of the plots corresponded with the disappearance of the herbs due to lack of rain and to weeding by the farmers. In the later instars, Zonocerus does eat cassava and the increase in numbers in cassava plots in late January, observed in all 3 years at Iwo Road, and at the IITA site, was associated with this change of behaviour. In the thicket plots the population declined steadily over the season without any regular changes (Fig. 9) . However, very marked changes occurred in individual plots, the numbers fluctuating violently from week to week (Fig. 10) . These fluctuations were very marked in the 1972-73 season which was extremely dry.
Changes in the numbers of insects in different plots indicated that a progressive movement of the population within the site was occurring, and these population movements resulted in some immigration and emigration to and from the site as a whole. This was not measured, but movement in or out of the site was observed on some occasions and can be inferred from occasional marked increases in the total population and from changes in the overall distribution of insects within the site.
In 1974 the population continued to increase in December, although at this time most of the insects were in the second and third instars (compare Figs 5 and 7) 
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Population studies on Zonocerus in Nigeria In the 1973-74 and 1974-75 seasons there was evidence of a north to south drift through the site. This is illustrated in Fig. 11 where a build-up in the population in the southern plots occurred after hatching was complete and coincident with a reduction in numbers in the northern plots. Insects were observed moving into the plot from the NW and leaving it by crossing the road to the south. The effect was much more marked in 1974-75 (Fig. 11) and much more loss from the population due to migration probably occurred in that year. On the other hand, there was no obvious population shift in 1972-73 when the population was very low, though small scale movements did occur (Fig. 10) .
Some migration to and from the sites by flying adults also occurred. At Iwo Road the proportion of long-winged forms in the population increased from March to April (Table 5) 
Natality
The number of eggs laid by one generation of Zonocerus depends on the size of the initial laying population, the longevity of the females, and the number of eggs per pod. In Zonocerus there may be, in addition, differences between the fecundity of short-winged and long-winged females.
The occurrence of oviposition was determined by dissecting samples of females at intervals and recording the development of the ovarioles. Recent laying was indicated by large, expanded oviducts and the presence of corpora lutea, while eggs in the oviduct or very large oocytes in the ovarioles were taken to indicate that oviposition was imminent. This method of estimating the occurrence and extent of oviposition is not entirely satisfactory because of the oviposition behaviour of the insects. Gravid females tend to aggregate at oviposition sites so that the proportion of mature insects in a sample will be affected by whether or not they were collected at or away from an oviposition site (McCaffery & Page, in prep.). In addition, death often followed soon after oviposition (Chapman & Page 1979 ) so that the samples will tend to underestimate the proportion of insects which had oviposited.
In a sample taken on 23 March 1974 none of the females had laid, but some had eggs in the oviduct and it is assumed that oviposition began on the following day since heavy (Table 6 , shown as 133% having oviposited). From the beginning of April the total number of females present at the site declined steadily, while the proportion of longwinged females increased. The long-winged insects did not begin ovipositing until some 2 weeks after the short-winged females. From the very small numbers of insects examined, the long-winged females appeared to lay more eggs than short-winged females, while in both forms the number of functional ovarioles declined sharply at the end of the season. This tendency is confirmed by the more extensive data obtained in later years (McCaffery, in prep.). Assuming that the various features recorded in Table 6 varied steadily and continuously between the sampling dates it is possible to assess the total number of pods and eggs laid in each period. These assessments are summarized in Table 7 . The total number of eggs laid was estimated on this basis to be about 600 000. The short-winged females contributed over 60% of all the eggs, and late laying contributed relatively little to the total because of the small number of insects present and the marked reduction in the number of functional ovarioles.
Data from the 1974-75 season have been used in a similar way (Tables 6 and 7 ). In this season the first heavy rain fell on 18 March and oviposition was first recorded on that day. The estimated total number of eggs laid was about 400000, short-winged females contributing about 70% of these.
The data for 1973 are much less complete (Table 8) . Although the percentage of shortwinged females was recorded, differences between the wing morphs in the timing of oocyte development were not measured. The pattern is assumed to have been the same Table 9 suggests that, in 1974 and 1975, egg mortality was considerable. However, no evidence was obtained of high mortality in the egg stages (Chapman & Page 1979) and it is probable that the apparent high level indicated in Table 9 arises from errors in calculating the numbers of eggs laid.
Mortality
Population loss is expressed in terms of k values (Varley, Gradwell & Hassell 1973 ). The population numbers from which these are derived have been estimated by joining the peaks in Fig. 7 in 1972-73 and 1973-74 (dotted lines) . The 1974-75 hatching population is taken as that in mid-December when 90% were already second instars. In this way the more obvious effects of major emigrations and immigrations are eliminated.
In the 1972-73 and 1973-74 seasons population loss after hatching was relatively slight up to the sixth instar (Table 9 ). Subsequently heavy mortality of the early adults occurred in 1973 so that relatively few females oviposited compared with 1974. This better survival in 1974 led to the much bigger hatching population in 1974-75. In the latter season, in the fifth and sixth nymphal instars and the early adults many deaths resulted from infection by the fungus Entomophthora grylli Fres. (Fig. 12) . Since the precise dates of death and periods of persistence of corpses are not known, the counts of dead insects cannot be quantitatively related to the population decline, but it is evident from Fig. 12 that sufficient corpses were recovered to account for virtually all the mortality at this time. The fungus was not important in the previous years, only occasional corpses being recorded in 1973-74, and the high mortality from the disease in 1974-75 is associated with high rainfall in mid-February (see Fig. 3 ). On the other hand at the IITA site in 1975-76, most mortality of instars two to five was attributable to the fungus (see Chapman & Page 1979).
Later adult mortality was due primarily to 'reproductive stress' and the occurrence of the parasite Blaesoxiphafilipjevi (Bois.) (Chapman & Page 1979 Zonocerus variegatus is well known to be mobile in the nymphal stages (Golding 1940 (Golding , 1948 Vuillaume, 1953) . Golding (1940) (Table 9 ). Loss of reproductive potential (k1 + k2) was a major constraint on the population size in every year, but it was not the key factor regulating changes from season to season. Mortality from the fourth instar onwards (k4-k7) seems to be the main regulating factor and if k4-k7 are summed the trend in the totals (0.885, 0.434, 1.337) closely parallels that of the generation mortality (1.649, 1.456, 2.463).
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The key factor producing mortality at this time is the fungus Entomophthora (Chapman & Page 1979) and its occurrence is determined by rain when most insects are in the middle nymphal instars and when the population is highly aggregated. It is probable that the fungus prevents the development of high populations during the wet season, and may also account for the apparent absence of the insect from the wetter parts of the forest to the south.
Zonocerus does not occur in the savannah except for riverine situations; it is apparently restricted by the inability of its eggs and, possibly, the adults to withstand desiccation . Conditions suitable for population increase exist only where the moisture regime permits good survival of eggs and adults, but does not favour Entomophthora. These conditions exist along forest/savannah margins, a habitat which has been extended by deforestation. It is probably the increase in deforestation during the last 50 years which has led to the apparently increased abundance ofZonocerus variegatus and its occasional occurrence as a major pest.
From the data on adult population and longevity it would be possible to develop a model to predict hatching populations in the succeeding season, but this would be of little practical value. Most damage to crops occurs in the later stages of development when individual consumption rates are relatively high (Bernays et al. 1975; McCaffery et al. 1978 ; Page et al. in prep.) and the insects are effectively forced on to the crops by shortage of alternative, naturally occurring, sources of food. Because of mortality caused by the fungus, however, a large hatching population does not necessarily lead to a large population at the time when damage is most likely to occur. Further, the extent of damage is strongly influenced by rainfall; rain during the dry season sustains the growth of alternative food sources so that the pressure on the crops is less than in a very dry season while at the same time the incidence of the fungus is increased (Bernays et al. 1977) . As a consequence it is possible for a relatively small initial population in a dry year to give rise to more damage than a large population in a wetter year.
